Introduction {#Sec1}
============

Phototrophic biofilms can best be described as surface attached microbial communities driven by light energy with a photosynthesizing component clearly present. Oxygenic phototrophic microorganisms such as benthic diatoms (centric, pennate, unicellular, and filamentous), unicellular and filamentous cyanobacteria, and benthic green algae generate energy and reduce carbon dioxide, providing organic substrates and oxygen.

The photosynthetic activity fuels processes and conversions in the total biofilm community. For example, heterotrophs derive their organic C and N requirements from excreted photosynthates and cell lysates, while nutrient regeneration is enhanced by heterotrophs (Bateson and Ward [@CR7]).

The microorganisms produce extracellular polymeric substances (EPS) that hold the biofilm together (Flemming [@CR32]; Wimpenny et al. [@CR99]). Thick laminated multilayered phototrophic biofilms are usually referred to as microbial mats or phototrophic mats (Guerrero et al. [@CR38]; Roeselers et al. [@CR75]; Stal et al. [@CR86]; Ward et al. [@CR97]). The top layer of microbial mats is typically dominated by oxygenic phototrophs, such as cyanobacteria (Castenholz [@CR15]) and diatoms, with underlying or intermixed layers of anoxygenic phototrophs, i.e. green and purple sulfur bacteria (GSB and PSB) (Martinez-Alonso et al. [@CR56]) and Chloroflexi like bacteria (Castenholz [@CR16]; Ruffroberts et al. [@CR77]).

Steep vertical redox and chemical gradients (∼microns to millimeters) that establish in phototrophic biofilms and mats enforce these stratifications in the microbial community (Fig. [1](#Fig1){ref-type="fig"}). Fig. 1This cross section reveals the stratified structure of a thick freshwater phototrophic biofilm. The dark top layer consists predominantly of *Oscillatoria* like cyanobacteria. Scale bar indicates 1 mm

Light intensity decreases with depth, restricting phototrophic activity to the upper layer of the mat. Oxygenic photosynthesis results in a steep oxygen gradient that restricts most anoxygenic phototrophs and anaerobic chemotrophs to the lower parts of the mat. However, recent studies have also shown examples of anaerobes thriving in the oxic zone of microbial mats (Cypionka [@CR23]; Schaub and Van Gemerden [@CR78]). The utilization of CO~2~ during photosynthesis results in a pH gradient (Revsbech et al. [@CR73]).

Phototrophic biofilms and mats are formed on surfaces in a range of terrestrial and aquatic environments (Chan et al. [@CR18]; Ferris et al. [@CR31]; Ortega-Morales et al. [@CR64]). The oldest fossilized phototrophic biofilm or mat-like structures date back approximately 3.5 billion years (Des Marais [@CR26]).

Currently, there is a growing interest in the application of phototrophic biofilms, for instance, in wastewater treatment (Craig et al. [@CR22]; Schumacher and Sekoulov [@CR79]; Vymazal et al. [@CR95]), bioremediation (Blanco et al. [@CR13]; Chaillan et al. [@CR17]; Cohen [@CR20]), aquaculture (Bender and Phillips [@CR9]; Phillips et al. [@CR66], van Dam et al. [@CR93]), and biohydrogen production (Prince and Kheshgi [@CR68]; Tsygankov et al. [@CR91]). The present review will give a brief introduction to various actual and potential biotechnological applications of phototrophic biofilms.

Wastewater treatment {#Sec2}
====================

The application of oxygenic phototrophs in the treatment of waste streams that are relatively rich in nutrients and low in organic carbon has many advantages. In a heterotrophic biofilm O~2~ transfer by diffusion is limited to approximately 20 nmol cm^−2^ min^−1^. However, the areal net oxygen production in an active phototrophic biofilm at a light intensity of 1,000 μmol photons m^−2^ s^−1^ is approximately a factor of two higher (Epping and Kuhl [@CR29]). Hence, the oxygen that is produced by phototrophs can cover a great part of the oxygen demand of bacterial nitrification and the heterotrophic consumption of organic carbon. In adition, oxygenic phototrophs assimilate nutrients for building biomass with carbon dioxide as carbon source. In contrast to wastewater treatment by bacterial nitrification and denitrification, where a large part of the nitrogen escapes as N~2~ gas to the atmosphere, the nitrogenous compounds are in this case retained in algal biomass.

Cyanobacteria can assimilate nitrogenous compounds like ammonium, nitrate, nitrite, urea, and amino acids. Diazotrophic cyanobacteria can also assimilate atmospheric nitrogen (N~2~) (Flores and Herrero [@CR33]). However, the reduction of dinitrogen gas to ammonia by nitrogenases is a highly endergonic reaction requiring metabolic energy in the form of ATP. Protection of the sensitive enzyme complex from inactivation by O~2~, and the replacement of the damaged enzyme add to this high metabolic cost.

The capability of nutrient removal in the absence of organic carbon has often been used for wastewater treatment in algal pond systems (Davis et al. [@CR25]; Garcia et al. [@CR35]). A major disadvantage using suspended algae is the high secondary organic pollution caused by algae biomass in the effluent of the ponds (Racault [@CR69]). Biomass can be removed by filtration, sedimentation with centrifugation, or with decantation, but most of these methods are costly. By using immobilized phototrophic biofilms the problem of separation of suspended algal biomass and water can be avoided and the nitrogenous compounds retained in algal biomass can be harvested and used as fertilizers in agriculture (Schumacher and Sekoulov [@CR79]).

An interesting feature of some cyanobacteria is that they can accumulate inorganic phosphorus and store it internally as polyphosphates (Kromkamp [@CR48]). However, this aspect has hardly been explored in the context of wastewater treatment.

The photosynthetic activity in phototrophic biofilms results in an increasing pH due to the change of the carbon dioxide equilibrium in water. This increase in pH causes precipitation of dissolved phosphates, in addition to phosphorus removal by assimilation. This photosynthesis induced pH increase has also shown potential for the reduction of faecal coliform bacteria in wastewater streams (Schumacher et al. [@CR80]).

European Union regulations have led to more stringent effluent standards for sewage treatment facilities located in ecologically sensitive areas. Phototrophic biofilms can be applied for the additional nutrient removal from secondary effluents of wastewater treatment plants. Nutrient removal in so-called constructed wetlands (Fig. [2](#Fig2){ref-type="fig"}), which show potential for small-scale wastewater treatment, depends also to a large extent on the activity of epiphytic phototrophic biofilms growing on reed stems (Larsen and Greenway [@CR49]; Ragusa et al. [@CR70]). Table [1](#Tab1){ref-type="table"} shows the nitrogen and phosphorus removal rates obtained with several phototrophic biofilm-based wastewater polishing systems. Fig. 2Discharge of the municipal wastewater treatment facility (WWTF) of Sint Maartensdijk (the Netherlands) is polished in a constructed wetland system (I = inlet, O = outlet). Nitrate is primarily assimilated by epiphytic phototrophic biofilms growing on reed stemsTable 1Nitrogen and phosphorus removal rates obtained with different phototrophic biofilm based wastewater treatment systemsSystemN-removal rate^a^P-removal rate^b^ReferenceAlgal turf scrubber (ATS)1,110730Craggs et al. [@CR21]Periphyton-fish system mesocosm10827Rectenwald and Drenner [@CR72]Secondary effluent clarifier1,900160Davis et al. [@CR25]ATS fed with 1% dairy manure720330Pizarro et al. [@CR67]Phototrophic biofilms in natural streams648117Davis and Minshall [@CR24]^a^Average phosphorus removal rates (mg P m^−2^ day^−1^)^b^Average nitrogen removal rates (mg N m^−2^ day^−1^)

For process control and system optimization, it is important to define the right operational conditions. Craggs et al. ([@CR21]) described several parameters that determine the efficiency of nutrient removal in an experimental phototrophic biofilm system. An important parameter is the applied flow velocity. At higher flow velocities there is a trade-off between reduced colonization and shear stress versus increased metabolism in the established biofilms by reduced boundary layers and increased water mixing.

Two parameters that are interconnected are water depth and light intensity. Algal production generally declines with water depth because increased water depths result in reduced light penetration (Craggs et al. [@CR21]; Havens et al. [@CR40]). However, in shallow water with a limited flow-velocity, the reduced load can lead to conditions were the biofilm becomes nutrient limited instead of light limited. Hence, optimal water depths will also depend on nutrient loads and local or seasonal light conditions.

Removal of heavy metals {#Sec3}
=======================

Biosorption consists of several mechanisms, mainly ion exchange, chelation, adsorption, and diffusion through cell walls. These "passive" mechanisms can take place at the cellular level and at the microbial community level. The active mode of metal uptake and concentration is called bioaccumulation. This process is dependent on the cellular metabolism.

Many oxygenic phototrophic microorganisms have the capability to sorb or accumulate metals in one way or another, and there is considerable potential for the application of algal biofilms in the detoxification of wastewaters polluted with heavy metals (Bender et al. [@CR8]; Mehta and Gaur [@CR58]). Extracellular polysaccharides that are negatively charged at elevated pH levels generated by oxygenic photosynthesis may account for the metal-binding properties of phototrophic biofilms (Bender et al. [@CR8]; Bhaskar and Bhosle [@CR11]; Liu et al. [@CR53]; Wang et al. [@CR96]). Parker et al. ([@CR65]) showed that mucilage sheaths isolated from the cyanobacteria *Microcystis aeruginosa* and *Aphanothece halophytica* exhibit strong affinity for heavy metal ions such as copper, lead, and zinc. In addition to biosorption and bioaccumulation, the elevated pH inside photosyntetically active biofilms may favor removal of metals by precipitation (Liehr et al. [@CR51]).

Major advantages of metal removal by biosorption include, low cost, and high efficiency of heavy metal removal from diluted solutions. However, in order not to simply displace heavy metal pollution, methods will have to be developed to extract heavy metals easily from biomass (Kratochvil and Volesky [@CR47]).

Water hardness is a crucial factor that influences metal uptake efficiency because cations such as Ca^2+^ and Mg ^2+^ compete with trace metals for binding sites on cell membranes and extracellular polysaccharides (Fortin et al. [@CR34]). Meylan et al. ([@CR59]) showed that different concentrations of dissolved manganese affected the intracellular accumulation of zinc and copper by phototrophic biofilms. In addition to cation concentrations, metal uptake is affected by light intensity, pH, biofilm density, the presence of metal binding humic substances, and the tolerance of individual algal species to specific heavy metals (Fortin et al. [@CR34]; Vymazal [@CR94]).

Oil degradation {#Sec4}
===============

The volumes of petroleum-based products transported across the world are enormous and the risk of oil spillage is significant. The volume of spills usually exceeds the inherent remediation capacity for any given environment, resulting in a significant ecological impact (Cohen [@CR20]). It has been suggested that microbial mats can play a role in the biodegradation of oil. In the years after the massive oil spills during the first Gulf war of 1991, it was observed that dense mats of cyanobacteria formed on contaminated beaches (Sorkhoh et al. [@CR84]). It has been shown that, in particular, *Oscillatoria* spp. are able to cope with heavy oil pollution (Abed et al. [@CR1]; Cohen [@CR20]; van Bleijswijk and Muyzer [@CR92]).

Although there is no direct evidence that cyanobacteria are directly involved in the degradation of petroleum products, they probably facilitate degradation by sulfate-reducing bacteria (Edwards et al. [@CR27]) and aerobic heterotrophs (Benthien et al. [@CR10]; Cohen [@CR20]; Sorkhoh et al. [@CR85]). Previous studies have shown that the addition of nitrogen supplements enhances microbial assimilation of carbon from oil (Coffin et al. [@CR19]). Cyanobacterial N~2~ fixation could provide sufficient nitrogen compounds for heterotrophic oil degradation. Free radicals formed during oxygenic photosynthesis could indirectly enhance photochemical oil degradation (Nicodem et al. [@CR62]).

Microcosm studies examining the initial response of phototrophic biofilms exposed to petrochemical compounds revealed signs of acute toxicity (Nayar et al. [@CR61]). Phototrophic biofilms are ubiquitous and dominant primary producers forming the base of aquatic food webs. Therefore, it has been suggested that phototrophic biofilms are applicable as sensitive bioindicators of petrochemical pollution and for ecotoxicology tests (Nayar et al. [@CR61]).

Agriculture {#Sec5}
===========

When phototrophic biofilms are used for polishing of nitrate or ammonium-containing wastewater streams, the nitrogen that is retained in biomass can be used as a fertilizer in agriculture. Biomass applied in the remediation of waste streams containing hazardous metals or recalcitrant organic pollutants is not directly applicable as a fertilizer.

Cyanobacteria can also be applied for *in situ* soil fertilization via N~2~ fixation. Much work has been done on the fertilization of rice paddy fields with nitrogen fixing cyanobacteria (Ariosa et al. [@CR3]; Habte and Alexander [@CR39]; Lem and Glick [@CR50]).

In addition, EPS produced by algae and cyanobacteria can improve the soil water-holding capacity and prevent erosion (Barclay and Lewin [@CR7]; Rao and Burns [@CR71]). Mazor et al. ([@CR57]) showed that addition of 0.5 mg of *Microcoleus* sp. EPS per gram of sand retained approximately 30% of the water-holding capacity of the sand after 24 h of desiccation at 55°C, while sand samples without EPS dried out completely.

Elevated soil salinity, which is increasing worldwide, has a major impact on soil quality and agricultural production. In many coastal areas, salinity is an inherent situation, but inefficient water management, i.e. excess recharging of groundwater and accumulation through concentration often leads to secondary salinization of farmlands. In the early 1950s a biological approach to the problem of saline soils using cyanobacteria was proposed (Singh [@CR83]). It has been shown that inoculation of soil surfaces with a suspension of halotolerant cyanobacteria leads to a salinity reduction (Apte and Thomas [@CR2]; Kaushik and Venkataraman [@CR43]). This amelioration of soil salinity is probably caused by a temporal entrapment of Na^+^ ions in cyanobacterial EPS sheaths, resulting in a restricted Na+ influx in the plant roots (Ashraf et al. [@CR4]). Permanent removal of Na^+^ from the soil may not be possible, because Na^+^ is released back into the soil subsequent to the death and decay of the cyanobacteria.

Aquaculture {#Sec6}
===========

Effluent discharges of intensive fish production systems may cause significant nutrient pollution. Fish farmers have a stake in regulating nutrient pollution, because poor water quality can reduce aquaculture productivity. On a small scale phototrophic biofilm based systems can be used to reduce ammonia and nitrate concentrations in aquaculture effluents (Bender and Phillips [@CR9]).

In fish aquacultures, commercial feeds, consisting mostly of fishmeal and oil, may account for more than 50% of the total production costs (Elsayed and Teshima [@CR28]). Only about 15--30% of the nutrient input in feed-driven pond systems is converted into harvestable products (Gross et al. [@CR37]). Therefore, there is a growing interest for substitution of commercial feeds with alternative protein sources. The cost savings and the reduction of ecological impact by using phototrophic biofilms for fish feed production and the possible simultaneous effluent treatment may be significant (Elsayed and Teshima [@CR28]; Naylor et al. [@CR60]; Phillips et al. [@CR66]).

Tilapia (*Oreochromis niloticus*) can consume microalgae as a major, even exclusive, source of its feed requirements. Due to their omnivorous diet and rapid growth, species of tilapia are highly suitable for aquaculturing in fertized pond systems. In fertilized ponds, organic and inorganic fertilizers are used to increase productivity. Nutrients are incorporated into algal biomass and, through a complex food web, ultimately incorporated into fish biomass.

Azim et al. ([@CR5]) showed that by adding substrate for biofilm adherence to fertilized aquaculture ponds, the conversion of nutrients into harvestable products could be optimized. Tilapia growth was significantly higher and nitrogen retention doubled in substrate ponds compared with control ponds. The potential of fish production based on phototrophic biofilms was reviewed in detail by van Dam et al. ([@CR93]).

Cyanobacteria that produce toxic secondary metabolites may cause problems to the expanding aquaculture industry. For example, *Aphanizomenon* and *Mycrocystis*-like species produce so-called microcystins that can accumulate in fish tissue used for human consumption (Magalhaes et al. [@CR54]; Wiegand and Pflugmacher [@CR98]). The occurrence of toxins has often been related to rapid planctonic cyanobacterial biomass development during algal blooms but this link is much less common in benthic assemblages (Blaha et al. [@CR12]).

Biohydrogen {#Sec7}
===========

Hydrogen is a clean alternative to fossil fuels as its combustion generates only water as a byproduct. Biological production of hydrogen could provide a renewable source of energy. Cyanobacteria are highly promising microorganisms for biological photohydrogen production. Two cyanobacterial enzymes are capable of hydrogen production. The bidirectional hydrogenase complex can either produce or oxidize H~2~ in the presence of suitable electron donor or acceptor. The physiological role of bidirectional hydrogenases is still unclear and the enzyme is absent in a significant number of strains.

Hydrogen evolution is also catalyzed by nitrogenases (Mancinelli [@CR55]; Tamagnini et al. [@CR89]; Zehr and Turner [@CR100]). The nitrogenase machinery releases at least one mol H~2~ per mol N~2~ reduced to ammonia, which represents a significant loss of energy. However, most diazotrophic cyanobacteria possess an enzyme called uptake hydrogenase that serves to recycle some of the electrons lost in the form of H~2~. Several studies with bioreactors have demonstrated the feasibility of cyanobacterial biohydrogen production (Lindberg et al. [@CR52]; Schutz et al. [@CR81]; Tsygankov et al. [@CR91]). As mentioned, N~2~ reduction has a high ATP requirement and this reduces the potential conversion of solar energy considerably. An advantageous aspect of this is that ATP hydrolysis provides a relatively strong thermodynamic driving force pushing hydrogen evolution, which is not true for bidirectional hydrogenases (Prince and Kheshgi [@CR68]). This allows the generation of a higher partial H~2~ pressure in potential bioreactors.

Ideally, hydrogen producing cyanobacteria should invest a minimal amount of ATP in growth, have a high metabolism, and should be restricted in place. Attached cyanobacterial assemblages are of great interest because they meet up to these requirements. The efficiency of hydrogen production could be increased by constructing defined biofilm assemblages containing a range of desired cyanobacterial species or genetically modified strains with a reduced uptake hydrogenase activity (Lindberg et al. [@CR52]; Tsygankov et al. [@CR91]). In order to select an "optimal genetic background" for the construction of genetically engineered cyanobacteria, future studies should focus on the natural molecular variation of strains that have the potential to produce hydrogen. Currently, this technology is in its infancy and as yet not ready for commercial adaptation and exploitation.

Anoxygenic phototrophs and sulfide removal {#Sec8}
==========================================

Sulfide-containing waste streams are usually treated in reactors by chemotrophic sulfide-oxidizing microorganisms using either oxygen or nitrate as the ultimate electron acceptor. In many bioreactors, sulfide is transformed into sulfate by aerobic sulfur-oxidizing bacteria, such as different species of the genus *Thiobacillus*.

A disadvantage of using aerobic sulfur-oxidizing bacteria is that sulfide removal cannot be combined with sewage treatment by anaerobic digestion. Sulfide oxidation has to take place in a separate reactor in order to avoid exposure of strictly anaerobic methanogens to inhibitory levels of oxygen. Hence, anaerobic oxidation by phototrophic sulfur bacteria (Chloroflexi, GSB, and PSB) has been proposed as an alternative method for sulfide removal (Kim et al. [@CR45]).

There is a particular interest in reactors using immobilized biofilms because suspended microbial biomass is easily washed out from the system whenever growth rates are disturbed. Several laboratory scale studies with monospecies and multispecies biofilms of anoxygenic phototrophic bacteria showed promising results (Ferrera et al. [@CR30]; Kobayashi et al. [@CR46]; Syed and Henshaw [@CR88]).

Only very few processes based on substratum-irradiated biofilms have been employed for large scale treatment of sulfide-containing waste streams (Hurse and Keller [@CR41]; Jensen and Webb [@CR42]).

Conclusions and future perspectives {#Sec9}
===================================

The field of microbiology has come to accept the universality of biofilms. Researchers in the fields of clinical, food and water, and environmental microbiology have begun to investigate microbiological processes from a biofilm perspective. There are multiple examples of genotypic and physiological differences between microorganisms growing planktonic or in biofilms. Until recently, applied phycological studies have focused mainly on the planktonic mode of life.

In this review we have discussed potential and actual applications of phototrophic biofilm biotechnology in the development of clean energy systems, wastewater treatment, bioremediation, fish feed production, and soil fertilization.

In the context of potential applications, the most important features of these biofilm systems are versatility and adaptability, i.e. they have a broad spectrum of capabilities. This makes it possible to link different end uses within the same process; for example, nitrate and phosphate removal combined with production of fish feeds (Bender and Phillips [@CR9]).

The complexity in terms of species richness is an important aspect determining the metabolic biodiversity and adaptability of phototrophic biofilms (Boles et al. [@CR14]; Girvan et al. [@CR36]). In addition, applications of pure culture or defined community biofilms seem less attractive due to the high costs associated with control of the culture performance and equipment sterilization and isolation to prevent contaminations. Hence, the focus of application development should be on the use of open mixed culture systems. Therefore, a clear understanding of the ecology of phototropic biofilm communities is essential in order to optimize their cultivation for specific biotechnological applications.

Depending on the application it can be essential to select phototropic biofilms containing specific species and strains, e.g. strains with a high polyunsaturated fatty acid content, strains that do or do not secrete harmful secondary metabolites, strains producing EPS with high metal sorption capacities, or strains with a high tolerance for petroleum-based compounds.

The efficiency and reliability of phototrophic biofilm applications depend to a great extent on the option to select and maintain desired community compositions. Future studies should focus on successional changes during biofilm development (Chan et al. [@CR18]; Roeselers et al. [@CR76]), susceptibility to viral and grazing pressure (Simek and Chrzanowski [@CR82]; Thingstad [@CR90]), the mechanisms that determine the structural and functional responses to abrupt perpetuations, and seasonal fluctuations on community composition and productivity (Kaufman [@CR44]).

Molecular ecological techniques that allow detailed in situ characterization of community compositions and activities provide an important tool for future research. Nonculture-based molecular methods such as DGGE, clone library analysis, quantitative PCR, and stable isotope probing can be used to obtain the phylogeny, relative abundance, and genetic activity of individual members of a biofilm community (Omoregie et al. [@CR63]; Roeselers et al. [@CR74]; Steunou et al. [@CR87]). In particular, functional genomics approaches will offer important clues about phototrophic biofilm biology.

An important consideration for applications based on phototrophic activity in general is that they require much surface area. These systems are primarily fueled by light, which differs from all other resources because it cannot be mixed. The unidirectional nature of photons requires that biofilms are cultivated on surfaces exposed to direct solar radiation. Therefore, high land prices could be a major hurdle for applications in, for instance, the treatment of municipal wastewater in densely populated areas. Combining different end uses within processes could compensate for the cost of these relatively large footprints. Phototrophic biofilms would also be suitable for the development of inexpensive treatment methods for developing countries, where land values are relatively low and where the bulk of domestic and industrial wastewater is still discharged without any treatment.

This work was supported by the project PHOBIA (QLK3-CT-2002-01938) funded under European Union Framework V. We thank Dr. Henk Jonkers and two anonymous reviewers for their thoughtful comments on this manuscript.
